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ABSTRACT
We consider the most commonly occurring circumstances which apply to galaxies,
namely membership in galaxy groups of about 1013h−1 M total mass, and estimate
the accompanying physical conditions of intergalactic medium (IGM) density and the
relative galaxy-IGM space velocity. We then investigate the dynamical consequences
of such a typical galaxy-IGM interaction on a rotating gaseous disk within the galaxy
potential. We find that the rotating outer disk is systematically distorted into a charac-
teristic “warp” morphology, of the type that has been well-documented in the majority
of well-studied nearby systems. The distortion is established rapidly, within two rota-
tion periods, and is long-lived, surviving for at least ten. A second consequence of the
interaction is the formation of a one arm retrograde spiral wave pattern that prop-
agates in the disk. We suggest that the ubiquity of the warp phenomenon might be
used to reconstruct both the IGM density profile and individual member orbits within
galaxy groups.
Key words: galaxies: evolution, galaxies: interactions, intergalactic medium, kine-
matics and dynamics
1 INTRODUCTION
Although historically is was customary to consider galaxy
evolution to occur in relative isolation, there has been a
growing realisation that interactions amongst galaxies and
with the broader inter-galactic environment play an impor-
tant role in determining both the evolution and the ultimate
fate of individual galaxies. Two assumptions in particular
still color the intuition of many researchers, namely (1) that
most normal galaxies can be considered to be essentially
at rest with respect to their environment, and (2) that the
typical intergalactic densities are so low that they can be
neglected. But are those assumptions justified?
Comparative studies of large observational surveys of
galaxy populations in the local universe with cosmological
numerical simulations have established that the majority of
galaxies occur in groups with a median total mass of about
1013h−1 M, and neither in isolation nor in massive clusters
(Eke et al. 2005; Nurmi et al. 2013). Such mass concentra-
tions will be self-gravitating out to radii that enclose a mean
mass density of about, < ρ >= 200ρcrit, for a critical den-
sity, ρcrit = 3H
2
0/(8piG), with the Hubble constant, H0, so
that M200 = 200ρcrit(4pi/3)r
3
200. The corresponding median
group radius is therefore about r200 = 350h
−1 kpc.
It has also been demonstrated that the characteristic
median projected galaxy separation within such groups is,
< R >= 0.13h−1 Mpc, and the line-of-sight velocity disper-
sion is σV = 150 km s
−1 (Nurmi et al. 2013). The corre-
sponding physical radius and space velocity for an isotropic
distribution is < r >= (3/2)0.5 < R >= 0.16h−1 Mpc and
σ3d = 3
0.5σV = 260 km s
−1. The intergalactic medium den-
sities within galaxy group environments may also conform
to a “universal” radial profile. This was first suggested by
Navarro et al. (1996) for the dark matter profile and has been
verified in many subsequent cosmological simulations. More
recently, Dave´ et al. (2010) have suggested that a character-
istic baryonic mass over-density ρc/ρ¯ = 120±0.2 dex occurs
at the radius, r200, of self-gravitating halos of any mass, with
ρ¯ as the mean baryon density in the Universe. At interme-
diate radii, both an isothermal and an NFW density profile
(Navarro et al. 1996) predict a baryonic density that varies
as (r/r200)
−2. This allows estimation of the corresponding
volume density from,
nH(r) =
ρ(r)
µmH
=
ρc
ρ¯
(
r
r200
)−2
Ωb3H
2
0
µmH8piG
. (1)
With Ωb = 0.049, H0 = 67.3 km/s/Mpc (Ade et al. 2013)
and a mean atomic mass, µ = 1.4, this yields a characteristic
IGM density, nH(< r >) = 1× 10−4 cm−3.
The orbital timescale of galaxies in a typical group en-
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vironment can be estimated from their radii and velocity
dispersion as, P ≈ 2pir200/σ3d = 3.8 Gyr. Similar ambient
conditions of IGM density and relative galaxy-IGM space
velocities might then be expected to apply for some frac-
tion of that orbital timescale, say 1 - 2 Gyr. So, rather than
being at rest in “empty” space, the vast majority of galax-
ies have relative velocities of σ3d = 260 km s
−1 through an
IGM of density nH = 1× 10−4 cm−3 and such interactions
can build up “coherently” for time intervals of several Gyr.
What might the consequences of such interactions be?
In an earlier paper (Haan & Braun 2013) we consid-
ered whether a detectable kinematic signature of an “in-
stantaneous” ram pressure interaction might be imparted
to the 21cm HI velocity fields of nearby galaxies. Our anal-
ysis demonstrated that a distinctive kinematic perturbation
is induced that allows the ram pressure components both
perpendicular and parallel to a galaxy disk to be deduced
from sensitive HI emission observations at large radii. The
fact that these kinematic perturbations of the velocity field
are concentrated in distinct Fourier modes, m=0 for the per-
pendicular interaction, and m=2 for that parallel to the disk
meant that they could be robustly distinguished from the
vast majority of other kinematic perturbations that tend
to concentrate in the m=1 Fourier mode. One of the most
important m=1 kinematic perturbations is the “warp” phe-
nomenon.
While it has been empirically determined that the ma-
jority of disk galaxies display a significant degree of warping
of the gaseous disk at large radii and that there are well-
documented systematic patterns of warp morphology and
kinematics (see e.g. Briggs 1990; Kamphuis & Briggs 1992;
Jo´zsa 2007; van der Kruit 2007; Kamphuis et al. 2013), there
is still no satisfactory explanation for the origin and persis-
tence of this phenomenon. In particular the possibility that
warps are caused by accretion remains as the most plausi-
ble explanation, which can either result in a reorientation of
the halo by the accretion of matter with mis-aligned angular
momentum (Ostriker & Binney 1989; Jiang & Binney 1999)
or an accretion flow which intersects a galactic disk (Kahn
& Woltjer 1959; Mayor & Vigroux 1981; Revaz & Pfenniger
2001; Lo´pez-Corredoira et al. 2002; Sa´nchez-Salcedo 2006).
Indeed Lo´pez-Corredoira et al. (2008) have sought system-
atically aligned warps within galaxy samples as a probe of
large scale accretion signatures. Several other hypothesis for
warp formation have been suggested (see for more details
Sa´nchez-Salcedo 2006), such as magnetic fields (e.g. Bat-
taner & Jimenez-Vicente 1998), interaction with satellites
(e.g. Huang & Carlberg 1997) with possible amplification
due to the halo (Weinberg 1998), vertical resonance (Griv et
al. 2002) or bending instabilities (Revaz & Pfenniger 2004).
In this study we consider what the long term conse-
quence might be of galaxy propagation though an IGM of
significant density. By tracking the cumulative effect of the
ram pressure interaction with a rotating gaseous disk in a re-
alistic potential we demonstrate that a natural consequence
of this interaction is significant warping of the outer disk.
The warp phenomenon sets in within about two rotational
periods and persists for more than ten. We begin with a brief
consideration of the ram pressure forces and test particle re-
sponses in §2 and then consider more extensive numerical
simulations in §3. The results are presented and briefly dis-
cussed in §4.
2 MODEL OF RAM PRESSURE IMPACT ON
GAS ORBITS
The gas component of a galaxy’s disk responds in a mea-
surable way to ram forces, which can lead to a significant
change of the gas velocity field on less than one orbital
timescale (see Haan & Braun 2013), and over longer time-
scales, will eventually significantly alter the orbits of gas
clouds. Here we test how ram forces can effectively change
the orbital configuration of gas clouds over several dynam-
ical timescales (>1Gyr). The force acting on a gas cloud is
F = Fgrav + FRam, where Fgrav = −∇Φgrav is the force in
the gravitational potential of a galaxy and FRam the ram
force due to the relative velocity between disk galaxy and
its intergalactic environment. The ram pressure is defined
as Pram ∝ ρISM (vgal − vIGM)2 where vgal is the velocity
vector of the galaxy and vICM the velocity vector of the
IGM (Gunn & Gott 1972).
In a first test we calculate the trajectory of a test parti-
cle in a halo potential which is subject to a drag force due to
ram pressure. The gravitational potential is calculated for a
spherical mass distribution of an isothermal sphere, which
is equivalent to a logarithmic potential and a gravitational
force Fgrav = v
2
maxR/R
2 resulting in a flat rotation curve
with vmax = 150 km s
−1, which is a fair approximation
of gas rotation in the outer disk of most galaxies. We will
discuss more realistic gravitational potentials in § 3, which
takes into account the response of gas clouds on all spatial
scales due to the combination of dark matter and stellar
gravitational potential. The acceleration of a gas cloud due
to ram pressure is given as
aram =
c(R) (vgal − vIGM) |vgal − vIGM|
1 + ρISM
ρIGM
(2)
The coefficient c takes into account the sum of all factors
associated with the collision process between ISM and IGM,
i.e. the exposed surface area of gas clouds towards the ram
wind, the gas cloud mass, and possible dissipational terms
depending on nature of the collision between ISM and IGM
(see for more details Haan & Braun 2013).
In Fig. 1 we show the trajectory of a gas cloud as func-
tion of position and time. At t = 0, the test particle is placed
at a radius of 8 kpc with circular motion in the X−Y plane.
Here we apply a ram wind component with an inclination
of 45 degree between horizontal plane and vertical axis. We
find that the ram force causes a variation in the elongation of
the orbit in the horizontal plane (change in r =
√
X2 + Y 2)
while increasing the inclination of the orbit in the verti-
cal direction as function of orbital timescale. The external
torque due to the ram force changes the direction of the
angular momentum vector of the gas cloud, L/m = R× v.
These results show that even a moderate ram pressure force
(Fram < Fgrav) leads naturally to a significant change of
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Figure 1. Top panels: Trajectory of a counter-rotating test par-
ticle as function of position and time in a spherical logarithmic
potential with a ram force in the (Y,Z) directions with an in-
clination angle of 45 degree (red arrow). The bottom left panel
displays the offset in vertical direction as a function of time, while
the bottom right panel shows the normalized decomposition of the
angular momentum vector L = R× v.
the inclination of a gas cloud’s orbit over a few dynamical
time-scales.
3 NUMERICAL SIMULATIONS
To test how a gas disk of a galaxy responds to a ram pres-
sure field, we simulate the orbital paths of gas clouds in a
static galactic potential. While the interaction of gas clouds
via merging and dissipation is certainly very important for
many galaxy evolutionary processes, in particular on smaller
scales, we assume that the main factor for the global dynam-
ics of a gas disk is the underlying gravitational potential and
interaction processes with its environment. Therefore our
model does not rely on any hydrodynamical assumptions as
usually applied in smooth particle hydrodynamics (SPH) or
sticky particle simulations.
The gravitational potential in our model is given by the
stellar disk and a spherical halo component. The stellar disk
potential can be approximated by the Miyamoto & Nagai
potential (see Miyamoto & Nagai 1975; Binney & Tremaine
1987):
Φdisk(r, z) =
G Mdisk√
r2 + (adisk +
√
z2 + b2disk)
2
(3)
where Mdisk = 1.5 × 1010 M, adisk = 1 kpc, and bdisk =
100 pc. The gravitational potential of the spherical halo is
given as (Binney & Tremaine 1987)
Φhalo(R) =
1
2
v20 ln(R
2
c +R
2 + z2) (4)
with v0 = 150 km s
−1 and Rc = 2 kpc.
The self-gravity of the gas component is neglected since
the gas typically contributes less than 5% to the total grav-
itational mass of a galaxy. The collisionless stellar disc is
not directly affected by ram pressure and hence shows no
disturbed kinematics or distribution (see Kronberger et al.
2008). The gas clouds are uniformly distributed over a disk
with a radius of 20 kpc (typical HI disk) to trace the re-
sponse of the gas due to the combined forces of the gravita-
tion potential and ram pressure. The initial velocities in the
(X,Y) plane are defined as circular orbits corresponding to
the gravitational potential of the galaxy. For each particle
a random dispersion term is added to the (X,Y,Z) veloci-
ties using a Gaussian distribution with σ = 4 km s−1 and
we let the gas further relax over two dynamical time-scales
(∼1 Gyr). Fig. 2 shows the gas distribution and rotation
curve after this initialization run. Then we add the ram wind
component and let the gas evolve over 4 Gyrs (∼8 dynam-
ical time-scales). We have chosen an average density ratio
of ISM/IGM of 500:1 and a ram wind of 300 km s−1, which
is a typical velocity of field and group galaxies relative to
the rest-frame of the IGM. These ram pressure parameters
ensure that the ratio of Fgrav/Fram < 1 on all scale lengths
and hence does not lead to a stripping of gas. We have sim-
ulated the impact of the ram wind for four wind directions,
a) perpendicular to the disk, b) parallel to the disk, c) 45 de-
gree inclined to the disk in (X,Z)-direction, and d) 45 degree
inclined to the disk in (Y,Z)-direction. In a first run we as-
sume that all gas clouds have the same density and hence
experience the same effective ram force. In subsequent runs
we test more realistic gas density profiles with a transition
from clumpy to diffuse gas with increasing radius.
4 RESULTS AND CONCLUSIONS
Fig. 3 displays the gas distribution as function of time for
a gas disk subjected to a uniform ram pressure. We find
that the ram force leads to a significant change of the or-
bital paths of the gas clouds, but with very different orbital
alignments as function of ram wind angle (see Fig. 4): A ram
wind parallel to the disk causes only a periodic variation in
the plane direction as function of time (periodic lopsided-
ness), while a perpendicular ram wind leads only to a small
displacement in the vertical direction of the disk along the
ram wind angle, inducing an additional “flaring” or a minor
“U-shaped” warp (non-axisymmetric flares, see also Lo´pez-
Corredoira & Betancort-Rijo 2009). Only a combination of
perpendicular and parallel ram forces, namely a ram wind
that is moderately inclined to the disk, leads to a signifi-
cantly “S-shaped” warped disk as shown in Fig. 4 (see also
Fig. S1 and movie in supplementary material). This result
can be explained in a simple picture: The orbits of gas clouds
c© 2014 RAS, MNRAS 000, 1–??
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Figure 2. Distribution of test gas clouds in the (X,Y )-plane
(top left) and (X,Z)-plane (top right) after two dynamical time-
scales (∼1.0 Gyrs) in the combined gravitational potential of a
disk and spherical halo. The bottom left panel shows the circular
rotation velocities (black points) as function of radius, which can
be decomposed into a stellar disk (blue line) and a spherical halo
component (dashed red line). The dispersion velocity measured
from the velocity component in the Z-direction is shown in the
bottom right panel.
on one side of the galaxy are elongated due to the ram com-
ponent in the (X,Y)-direction while on the other side they
are shortened. This leads to an asymmetry where gas clouds
are exposed for a longer time and to a more effective ram
wind in the z-direction due to the smaller gravitational forces
at larger radii on one half of the orbit than on the other. In-
tegrated over the entire orbital path, this causes a change in
the inclination angle and a warped disk evolves. Our results
show that the warp direction depends on the direction of the
galaxy’s motion through the IGM and whether the galaxy
is rotating in the clockwise or counter-clockwise direction,
which results in a distortion which has the opposite sign
in the Z-direction (see also Fig. S2 in the supplementary
material). The formation of warped structure is in agree-
ment with studies of torques exerted by accretion flows (e.g.
Lo´pez-Corredoira et al. 2002; Sa´nchez-Salcedo 2006), and
our results corroborate the picture that warps in galactic
disks are formed by the interaction with their surrounding
material.
The radius at which the disk becomes warped depends
not only on the gravitational potential but also significantly
on the state of the neutral ISM, which goes through a phase
transition from dense clumpy clouds (with possible molecu-
lar gas cores) towards lower density clouds and diffuse gas
(see Haan & Braun 2013). We have compared the geometry
of the final warped gas disk after 4 Gyrs for three different
density profiles: (a) uniform, (b) exponential, and (c) hy-
perbolic with a transition radius at 15 kpc (see Fig. S3 in
the supplementary material). In all cases the final gas dis-
tribution and velocities show that the ram wind induces an
“S-shaped” warped gas disk for a moderately inclined ram
wind angle. However, the radial scale at which the inclina-
tion of the disk changes depends on the density properties
of the ISM.
Besides the warped morphology, we find that a ram
wind component parallel to the plane of the galaxy induces
a one-arm spiral pattern that slowly evolves with time in
a retrograde direction. The nature of this structure can be
interpreted as a wave phenomenon due to the combination
of the underlying gravitational potential and the ram wind
direction in the plane of the galaxy. Tosa (1994) has shown
a similar structure evolving under ram pressure, but was
restricted only to the plane of the galaxy and no vertical
component was included. If the ram wind also has a vertical
component, as is the case in our study, the retrograde spiral
in the disk evolves into a warped retrograde helix structure
along the vertical axis as shown in Fig. 4 and in the simula-
tion movie (see supplementary material). Moreover, we find
that the ram pressure induced “instantaneous” non-circular
motions (∼ 10− 50 km s−1 over less than one orbit) are in
the same range as measured in our kinematic ram pressure
study (Haan & Braun 2013), which suggests that both, the
warped geometry and the non-circular motions that are not
due to warps, require similar ram pressure properties (IGM
density and relative velocity of galaxy to IGM).
This study demonstrates that the measured typical mo-
tion of a disk galaxy relative to its median intergalactic en-
vironment can lead to a significant change of the morphol-
ogy of the gas distribution, characterized by a “S-shaped”
warped, lopsided disk and a one arm retrograde helix struc-
ture. Given the results of our previous kinematic ram pres-
sure study (Haan & Braun 2013) and the fact that most
galaxies show these structures, we suggest that the interac-
tion between galaxies and their surrounding IGM are the
main drivers for both non-planar and non-circular motions
in the outer gas disks of galaxies. Having recognised the
cause of these distortions, one can use the ubiquity of these
phenomena to infer the physical attributes of galaxy groups.
With multiple probes of the same environment, each galaxy
within a group can be used to infer the likely IGM density
profile, the galaxy space velocity and a likely orbital history.
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Figure 3. The gas distribution as function of time under ram
pressure (45 degree angle between X and Z axis, the red arrow
indicates the wind direction) in the combined gravitational po-
tential of disk and spherical halo. All gas clouds have the same
density with a uniform effective ram pressure and the galaxy is
rotating in counter-clockwise direction (blue arrow).
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[!h]
Figure S1: The gas distribution (left panel) and the line-of-sight velocity fields (right panel) as observed on the sky with an inclination
of 45 degree of the final warped disk after 4 Gyrs (ram properties and disk geometry are the same as in Fig. 3).
[!h]
Figure S2: Comparison of the geometry of the final warped gas disk after 4 Gyrs under a moderate inclined ram wind between
counter-clockwise (left panel) and clockwise rotation (right panel). Ram properties and disk geometry are the same as in Fig. 3.
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[!h]
Figure S3: Comparison of the geometry of the final warped gas disk in the X-Z plane (top row) after 4 Gyrs under a moderate
inclined ram wind for three different density profiles (see second row): uniform (left panel), hyperbolic (middle panel), and exponential
transition (right panel). The panels at the bottom display the corresponding velocity fields as observed on the sky with a disk
inclination of 45 degree.
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